Abstract Nowadays, there is a growing interest on how to utilize fish materials remaining from the main production and considered as unappropriated for a direct human consumption. There are numbers of possible solutions to recover valuable nutrients from that matter and one of the most efficient is the production of fish protein hydrolysate. This article is devoted to overview existing information about the production of dried fish protein hydrolysates with a focus on dehydration process during production and equipment used for moisture removal. Drying step of the production is considered as the most energy demanding and, therefore, described in detail. Questions considering energy demands of the drying are highlighted in the article together with the proposals for the improvement of energy efficiency. This work also describes source of the raw material, the main steps of the technological scheme with the equipment used and valuable information on the intermediate state of fish protein hydrolysate between the process operations.
Introduction
Fish and marine products are one of the most used protein sources for human consumption. However, a big part of the catch is at its best utilized for production of cheap by-products such as fish flour, fish oil or animal feed or just wasted unused. At the same time, a growing amount of fishery and, consequently, of fishing wastes demands efficient solutions for their utilization since they are a good nutritional source, which is highly underestimated.
Fish protein hydrolysates (FPH) are a product made from fish or fish material by the method of protein hydrolysation (breakage of proteins from which fish tissues are constructed into smaller parts-peptides and other fish products. The amount of unutilized fishing rests from aquaculture facilities was moderate (9% of the total quantity) and the biggest amount was observed for the white fish industry (52% of the total quantity).
Thus, underutilized and underestimated fishing rests from the main production can be processed to get FPH, which can increase efficiency of fish processing by redirection of the by-products for human consumption. This is both more profitable and environmentally friendly than using fishing resting material for fish meal. In the case of FPH, the fishing industry avoids a two-stage circle of fishing rests consumption to feed animals, which will be consumed by humans and allows delivering a food resource straight to the final consumer.
In spite of economic benefits of FPH production, the main hindrance of complete by-product utilization is a logistic issue. There is a need for quick transportation of by-products in order to avoid spoilage. However, due to a general lack of well-organized model of collecting, storage and transportation, further utilization of fish by-products is complicated and available fish source may be even lost as wastes. An example of successful collaboration between fish processing plants and by-product utilization facilities is Iceland Ocean Cluster, which is made up of nearly 70 companies located in a common building of around 9000 square meters (SeaFoodSource 2016). Such models if realized globally may help better utilization of fish by-products due to easy transportation and high speed of fishing rest secondary processing.
Type of raw materials
Raw materials for FPH production can be both fish and fish left-overs. Since the usage of whole fish or only fish by-products may influence the processing, Table 1 is designated to roughly compare the chemical composition of whole fish and fish by-products exemplified by fish heads and backbones (salmon (FAO 2007; Ytrestøyl et al. 2014 ) and cod (Bikov et al. 1998 ) are taken for the comparison).
As it is seen from the table, some fluctuations and differences in the chemical content between different types of fish raw matter are possible due to the type of raw matter; however, similar fluctuations can be observed since seasoning, etc. In all cases, raw materials should be carefully evaluated at technological line in order to provide effective recovery of protein fraction. Further in the article, the terms of raw material will be corresponded to any type of raw materials, generally used for FPH production, including both whole fish and fish by-products.
Technological scheme
A principal technological scheme of FPH manufacturing is presented in Fig. 1 . The process starts from a takeover of raw materials. Water, chemicals or enzymes are added to minced raw material to obtain chemical (acid or alkali) or enzymatic hydrolysis correspondingly. After a certain time, when a certain desired extent of hydrolysis is achieved, there is a need to stop the hydrolysation process by chemical or thermal treatments according to the hydrolysis method. After termination of hydrolysis, the protein mixture is delivered to solid separation where liquid part is separated from the solids. Then, a heating procedure can be applied if desired to treat the fish protein hydrolysate by temperature to reduce microbial activity (pasteurization). The term of pasteurization in FPH technology is different from that in dairy production due to higher temperatures used. In some cases when the final product has to have a certain quality, for example, to be used for biochemical purposes as a microbiological media, removal of salt can be provided. After the protein mixture can be concentrated to remove some water before the drying procedure. It makes the process of drying more efficient due to the decreased quantity of water to be removed. However, at the same time, preliminary water removal by concentration needs additional equipment and energy to provide the dehydration process, thus, the need of such an extra treatment is decided by a producer for each certain case. Liquid FPH slurry is then delivered for drying and dried FPH is sent for packaging and transportation. FPH are normally stored at 4°C or lower, in some cases with vacuum packaging mainly to prevent lipid oxidation (He et al. 2013 ).
Hydrolysation
Hydrolysation of proteins can be generally provided by chemical (acid or alkali treatment) or by biochemical methods. Biochemical hydrolysis is provided by proteolytic enzymes, which are already present in fish tissues (autolysis) or by premixing of commercial enzymes in order to accelerate the process (enzymatic hydrolysis). Some literature on novel methods of fish protein hydrolysis is nowadays available in scientific publications, for example, the work of Hoeling and Volkov (2015) describing the method of hydrothermal extraction. However, such methods need to be well evaluated before they can be used at an industrial scale. Other extraction methods than those mentioned above do not hydrolyze proteins, but are used for protein concentration by removal of a part of water and/or fat (concentration or isolation of protein fraction) (Kristinsson and Rasco 2000) .
Alkali
Terminating hydrolysis All methods of hydrolysation are held with one final purpose-extraction of protein part by the deformation of fish proteins into smaller parts (peptides and amino acids) and their further separation. The peptides and amino acids, formed by protein degradation, have smaller molecular mass and can be absorbed by digesting system faster than proteins (Di Pasquale 2008) . It is a particularly important property for those, whose organism is weakened by a disease or who need a quick nutritional supply (for examples, sportsmen).
Fish material is solubilized with water by the solid content of 8-20% (Pasupuleti and Braun 2010). Generally, water and fish material are mixed as 1:1. However, there is also a possibility of hydrolysation process without water addition (Himonides et al. 2011; Rebeca et al. 1991) . Producers should evaluate the amount of added water for the hydrolysation step in order to provide a suitable extent of the protein breakdown and at the same time avoid extra costs for dehydration of unnecessary water fraction from FPH on the step of drying.
Hydrolysation is generally held in metallic tanks (hydrolysators), which are in most cases constructed and installed by producers of FPH by themselves. The hydrolysators should be constructed so, as heat is supplied to the tube shell of the tanks and, desirably, an agitation blade is installed into the tank to mix the hydrolysate mixture for uniform temperature and chemical distribution. The amount of heat provided as well as the temperatures used for the hydrolysation depends on the type of hydrolysis, nature of raw material, used chemicals and other factors.
During the treatment, one needs to know how the degradation of proteins should be extended. To evaluate the extent of hydrolysation and follow its kinetics, the parameter named ''degree of hydrolysys'' (DH) is used. DH can be measured by a range of methods, which is overviewed by Kristinsson and Rasco (2000) and expressed as the ratio of broken peptide bonds to the total peptide bonds in the mixture per unit weight (Eq. 1):
where DH is the degree of hydrolysis in percent; P br is the numbers of broken peptide bonds; P tot is the total number of peptide bonds in the mixture. DH is correlated with such functional properties of final FPH as solubility, emulsifying capability, foaming ability, fat absorption ability, and with such an important sensory property as bitterness (He et al. 2013; Kristinsson 1998; Kristensson and Rasco 2010; Kuehler and Stine 1974; Orban 1987, 1990) . A number of researches showed that bitterness of protein fraction increases with the decrease in peptide size (Aliani and Eskin 2017; Aubes-Dufau et al. 1995) . Slizyte et al. (2010) claimed that the presence of di-and tripeptides, which are the main protein fragments of FPH (Manninen 2004) , will give far more bitter taste compared with FPH which mostly consists of larger protein fragments. However, Slizyte et al. (2010) also noticed that with further degradation of peptides into amino acids, the bitterness also decreases. In such a case, the process of hydrolysis shall be well adjusted to avoid undesirable sensory properties of final FPH and, therefore, to control not only DH, but also the obtained length of protein fragments. Chemical and enzymatic hydrolysation techniques allow a different amount of process control, which is extremely important for the choice of hydrolysation method.
Chemical hydrolysation
Chemical hydrolysis is provided by either acid or alkali. It is achieved by cleaving the bonds between different peptide groups in the protein sequence by chemical agents. Since this process is held at extreme working parameters (high concentration of acid or alkali, high temperature), the process of hydrolysis in this case is almost uncontrollable. As a result, the nutritional and functional properties of final FPH are reduced (Loffler 1986; Webster et al. 1982 ) and also varied due to the lack of control and traceability (Blenford 1994; Kristinsson and Rasco 2000; Skanderby 1994 ). Thus, FPH produced by chemical hydrolysis has a very limited spectrum of utilization.
Acid hydrolysation Acid hydrolysis is more widespread than that by alkali. Typically, fish is involved reacting with hydrochloric acid, but there are plenty of technologies involving sulfuric acid. High temperature and pressure of solution (121-138°C and 220-310 mPa correspondingly) are held during several hours (typically 2-8) in order to achieve a certain DH (Pasupuleti and Braun 2010). The mixture is then neutralized to pH 6.0-7.0 and delivered for further dehydration (Kristinsson and Rasco 2000) . The process of acid hydrolysation has several drawbacks such as high NaCl content which makes the final FPH inappropriate for some food and especially biochemical applications (Kristinsson and Rasco 2000; Pasupuleti and Braun 2010) or the destruction of tryptophan which is an essential amino acid (Jaswal 1990; Pasupuleti and Braun 2010) .
Alkali hydrolysation Alkali hydrolysis is held at less elevated temperatures (typically 27-54°C) in the presence of such alkaline agents as calcium, sodium or potassium hydroxide during several hours until the desired degree of hydrolysis is reached (Pasupuleti and Braun 2010). The use of alkali reactants, mainly sodium hydroxide, generally results in reduced functionality and nutritive value of final FPH. Moreover, a range of substances, which are not absorbed or even toxic for human organism, can be created during alkali hydrolysis (Kinsella and Melachouris 1976; Kristinsson and Rasco 2000; Lahl and Braun 1994; Linder et al. 1995) . A number of amino acids as serine and threonine are destroyed during alkaline hydrolysis; however, tryptophan remains intact contrary to the acid hydrolysis (Pasupuleti and Braun 2010). Despite described drawbacks, limited alkali hydrolysis is used in the fish processing industry to recover a range of proteins from fish material and fish protein concentrates in order to hydrolyze a valuable protein fraction and, thus, improve the functionality (Kristinsson and Rasco 2000; Sikorski and Naczk 1981; Tannenbaum et al. 1970a, b) .
Enzymatic hydrolysation
In this review, the attention is paid to the treatment when a specific enzyme or a mixture of enzymes is premixed to the hydrolysated slurry. This is more convenient and controllable method than that with autolytic enzymes due to a high variation in optimal conditions for each of enzyme in the autolytic enzymatic mixture and their variation influenced by species, season, gender, age, etc. (Kristinsson and Rasco 2000) .
Enzymatic hydrolysis is carried out from one to several hours at mild conditions: slightly elevated temperatures (generally around 35-65°C) and a certain pH according to the optimal requirements of the used enzymatic systems: alkali (for example, alcalase), neutral (papain, bromelain, alcalase, neutrase and flavourzyme) or acid (pepsins). Used for FPH production enzymes are of animal (pepsins), plant (papain, bromelain) or microbial origin (alcalase, neutrase, flavourzyme). Enzymes of microbial origin are considered as having greater pH and temperature stability (He et al. 2013 ). The application of enzymes allows obtaining a high-quality FPH avoiding such drawbacks as the developing of undesirable products of racemization as in a case of acid and alkali hydrolysis (Gonzalez-Tello et al. 1994 ). In addition, enzymatic hydrolysis allows a controllable distraction of a certain type of proteins by a certain chain cleavage due to enzymes' specificity with an easy process of enzyme inactivation after a certain DH is achieved (Pasupuleti and Braun 2010). The inactivation of enzymatic hydrolysis is typically accomplished by the elevated temperatures of around 75-100°C applied for 5-30 min (Kristinsson and Rasco 2000) .
Despite the aforesaid benefits, there are certain limitations when enzymatic hydrolysis is utilized. Among them are high costs of industrial enzymes, low yield, the need of a special treatment in order to deactivate the enzymatic hydrolysis, the difficulties of process control to obtain a certain molecular mass of the products of protein degradation and the bitterness of final FPH (He et al. 2013; Kristinsson and Rasco 2000) . However, recent researches with different enzymes used for FPH production revealed the mixture of papain and bromelain as a very promising solution for avoiding bitterness at the production of FPH from herring (Slizyte et al. 2010) . Table 2 shows a rough comparison of bitterness between different enzymatic systems based on the data published by Slizyte et al. (2010) for the production of FPH from herring. Exact values of relative bitterness as well as materials and methods of its evaluation can be found in the rapport of Slizyte et al. (2010) . The values in the table are derived from the Fig. 19 (page 23) published by Slizyte et al. (2010) .
Moreover, the resulting FPH has both an acceptable DH and yield (Slizyte et al. 2010 .
Dehydration of FPH

Purification
To utilize hydrolyzed proteins as FPH, there is a need to separate protein fraction mainly from insoluble and fat fractions before the further dehydration. It is possible to be accomplished by a range of methods, mostly by centrifugation and plate and frame filtration. In more advanced technologies, when a certain quality of final FPH is needed, the filtration of small chemical particles from the hydrolysation mixture can be provided (microfiltration, ultrafiltration and nanofiltration from bigger to smaller particle separation correspondingly) (Pasupuleti and Braun 2010). In some cases, electro-membrane filtration is also utilized for FPH fractionation, for example, in order to fractionate active peptides from complex hydrolysates (Suwal et al. 2018) .
The temperature of purification mainly depends on the temperature of the delivered protein mixture and is not changed especially during the purification process by an additional heat supply.
After the separation of protein part, the mixture is generally pasteurized at high temperatures in order to eliminate possible microbial contamination. Pasteurization can be accomplished one or several times during the production line of FPH according to the technology used by a certain producer (Pasupuleti and Braun 2010).
Centrifugation
Generally, the process of centrifuging is used in order to separate the hydrolyzed mixture on several fractions for further recovery of the protein part.
Centrifuging is provided by different centrifuges, which are classified according to a certain property such as their intended use, continuous/batch operation, construction, speed, etc. A common future of all existed centrifuges is that the main element of the machine is a rotor which rotates at high velocities generally up to 20,000g (where g is the acceleration of gravity) if for industrial applications. The simplest principle scheme of the centrifuge is shown in Fig. 2 , but can be modified according to the type of centrifugation.
Centrifugation in the processing of FPH can be done in one or several steps according to the desired quality of FPH. The centrifugation of mixture at 4000g for at least 20 min basically separates the mixture into three fractions: the sludge and solid layer at the bottom, the protein hydrolysate solution in the middle and the fish oil layer on the top (He et al. 2013 ). Cui (1996) reported more detailed fractionation of the mixture on sludge in the bottom, aqueous layer in the middle, lipid-protein fraction between aqueous layer and sludge, aqueous and oil layers and oil layer on the top; visualized picture of these layers can be found in the paper (Kristinsson and Rasco 2000) .
The solids are separated from the liquid protein mixture mainly in order to purify the FPH from insolubles while the fish oil fraction is removed to avoid undesirable fat oxidation processes in the final FPH. The desirable fat content of final FPH is to be 0.5% (He et al. 2013; Spinelli et al. 1972 ) in order to avoid the influence of lipid changes on the quality of final FPH during shelf-life. However, Chalamaiah et al. (2012) overviewed a number of research works where the fat content reported to be at least less than 5% and even a few studies where the fat content was claimed to be less than 10%.
Plate and frame filtration
Plate and frame filtration presses working at the pressure of approximately 410-550 mPa are basic operation units, used by industrial FPH producers in order to purify protein fraction of hydrolysates from different impurities. As for investigations considering such a filtration for any studies with FPH, the information is very limited by a few publications (Chakraborty and Madhavan 1977; Loosen et al. 1994) . It explains by the fact that plate and frame filtration is rather a technological step at a large production than a matter of investigation. A simplest sketch of such a press is shown in Fig. 3 . Plates equipped by filters consisted of special cloth material are constructed into a filter frame. Filter aid is applied on the surface of the filters in order to bind different impurities of the mixture and hold them into the filter cloth, or sometimes simply premixed to the mixture before filtration. The filtrated mixture enters the press and goes through the paths between the filter plates leaving impurities on the surface of the filters. Process recycles until a certain purity of the mixture is achieved.
The nature of impurities, which can be collected by the filters, depends on the nature of filter aid. Special attention must be paid on the nature of filter aid since it can also remove some desirable compounds from FPH slurry, such as some peptides and amino acids (Silvestre et al. 2009 ). Filter aids are generally made of porous inert materials such as silica-based rocks (diatomaceous earth), wood cellulose, perlite, etc. Filter aids for FPH usually consist of volcanic rocks or diatomaceous earth, but if the purpose is discoloration, or removing of hazard components, charcoal powder can be applied (Chae et al. 1998; John 1993) .
The capabilities and operation time of the press are depended on the amount of solids in the filtrated mixture. Roughly, the capabilities are ranged between approximately 2-3 L per minute according to the initial solid content, which is estimated to be between 1 and 10% from the total amount (Kristinsson and Rasco 2000; Mine Engineer Product Manual 2009 ).
Micro-, ultra-and nano-filtration After plate and frame filtration, when bigger particles are caught by the filters, the protein mixture can be delivered to membrane filters for careful fractionation or concentration of FPH mixture. Membrane filtration is a useful tool for obtaining certain groups of peptides utilized for different purposes (for example, bioactive peptides) (Abejón et al. 2018) .
Membrane filters are micro-, ultra-and nano-filters according to the aimed particle size: down to approximately 100, 10 and 1 nm correspondingly (Fig. 4) . Peptides in FPH slurry can be also separated by membranes based on their charge and hydrophobicity characteristics (Abejón et al. 2018) . Membranes are made of nylon, polyethersulfone, polyvinylidene difluoride, polytetrafluoroethylene, mixed cellulose ester, cellulose acetate, polypropylene and other material (Microlab Scientific 2018).
Microfiltration is not a popular method utilized by researchers for the filtration of FPH, probably, due to the aimed particles to be plugged (the most bioactive peptides) are usually with a smaller size (B 4 kDa) (Abejón et al. 2018; Saidi et al. 2014; Vandanjon et al. 2009 ), than microfilters can retain. The filtration range of microfiltration is generally less than 100 kDa, which is far bigger than the aimed peptide size. By contrast, ultra-and nano-filtration is recently investigated in a large number of research articles on FPH (Abejón et al. 2016 (Abejón et al. , 2018 Bourseau et al. 2009; Roslan et al. 2018; Saidi et al. 2014; Vandanjon et al. 2009) or was used as a filtration tool in other investigations of FPH (Abdelhedi et al. 2018; Halim et al. 2018) .
Ultrafiltration is used in most studies for fractionation or separation, while nano-filtration is utilized for peptide or amino acid concentration (Saidi et al. 2014) .
Coupling ultra-and nano-filters in various types of cascades is used by many researchers for better efficiency of the filtration process. (Abejón et al. 2016 (Abejón et al. , 2018 Bourseau et al. 2009; Saidi et al. 2014; Vandanjon et al. 2009 ). It is important to adjust the membrane to the desirable size of the particles to be separated in order to obtain an effective filtration process and avoid free flow of the aimed solids, which are too small through the membrane. At the same time, when deciding about the pore size, it is important to remember that all particles of the used size pore would be plugged. For example, if the aim is to remove endotoxins, the used membrane can cut off also a great amount of peptides with the same size (Pasupuleti and Braun 2010). Thus, the ''golden mean'' between the filtration and protein yield for FPH production should be found for a certain case.
When membrane separation is utilized, the process should be well adjusted to maximize the product purity and the process yield: pore size of membranes, pressure, flow rates, pH, salt concentration of the solution and other essential parameters should be considered. At the same time, total costs and environmental consideration must be also taken into account; in this case, water recovery may be a useful solution (Abejón et al. 2018 ). However, the simultaneous concurrence of high purity and yield values is not possible even considering all important factors, which influence the process of filtration (Abejón et al. 2016) .
The effectiveness of peptide fractionation in FPH production can be troubled by disposition and, eventually, clogging of solid parts on membrane surface due to protein-protein or protein-membrane interaction. These phenomena are known as membrane fouling and are considered as a major problem leading to poor FPH separation and low peptide yield (Roslan et al. 2018) . Membrane fouling can be controlled by various methods: applying external electric, magnetic or ultrasonic field, adjusting pH (Roslan et al. 2018; Zhu et al. 2017) or applying freshwater streams in order to control protein content in inlet and outlet streams of membrane modules (Abejón et al. 2018 ).
Concentration
Concentration is used to reduce water content in the protein mixtures before drying and, thus, reduce the energy costs of the drying step. Concentrators are apparatuses where the liquid solution to be concentrated goes through a large specific surface which is heated up. Thus, going through the heated surfaces of concentrators, moisture is evaporated and removed to the atmosphere by vapor.
The temperatures used for evaporation and evaporation rate vary for different FPH depending on the composition of the mixture and other properties influencing the boiling point such as DH, protein source or the choice of enzyme. At the same time, the productivity of the devices depends on their size and capability and can achieve 150 t/hour (GEA 2018).
Depending on the capabilities of the used concentrators and the allowable solid content in the mixture for further safe operation of dryers, the protein hydrolysate solution can be concentrated up to 50% solids (Pasupuleti and Braun 2010). Mostly used modifications of concentrators are falling and rising film evaporators which differ from each other by the way of product supply and, correspondingly, by the construction.
After evaporation, some producers add a final pasteurization before the concentrate is delivered to be dried.
Falling film evaporators A simple sketch of a falling film evaporator is shown in Fig. 5 . The protein mixture starts to boil at the top of the apparatus. Then, it goes from the top of the apparatus through the heated tubes with help of gravitational force towards the bottom and the output valve. The surplus of moisture is removed through a special vapor valve.
Rising film evaporators In a rising film evaporator, the protein mixture, in contrast to a falling film evaporator, goes from the bottom to the top of the apparatus through heated tubes (Fig. 6) . The mixture reaches the boiling temperature at the bottom and the liquid and vapor parts flow together upward towards the top against the gravitational force. The concurrent movement of liquid-vapor mixture upward creates a high degree of turbulence, which gives better efficiency of the evaporation process (NPTEL 2013). The surplus of moisture is then evaporated and removed through a special vapor valve.
Drying
Drying of FPH is a process, which allows ensuring a stable shelf-life of final FPH by water content decrease and making the transportation of FPH easier due to the reduced mass and volume of the final product.
The drying process of FPH is usually accomplished by a limited number of drying apparatus: they are typically spray dryers which provide convectional drying, and vacuum freeze dryers and roller drum dryers which utilize contact heat supply. From the experience, the authors suggest convection spray dryers as the most used drying systems at large scale in FPH production due to a satisfactory productivity, reasonable quality of the final FPH and a relative easiness of operation. The term ''spray dryer'' is used in this article to describe convectional spray dryers; the authors do not devote the work to spray drying using radiation or mixed heat transfer.
The choice of drying method at laboratory scale generally depends on the availability of drying equipment at a certain laboratory and not depends on the purposes of the research or the properties of studied FPH. Thus, it is difficult to classify the used equipment according to the studied properties of FPH. Generally, the mostly used drying equipment for research purposes is spray and freeze dryers. Spray drying A typical spray dryer is a drying apparatus, which consists of a cylindrical tube with a feeding system at the top and an outlet configuration normally equipped by a separator of dried FPH and a filter to clean the output air (Fig. 7) . The design of the drying tube typically depends on rheological properties of droplets, an used droplet size, residence time of droplets in a drying chamber and desired moisture content of the final dried FPH. Rheological properties of dried droplets, which are important in a sense of spray drying, are solid content, density, surface tension and viscosity. The question of a spray dryer design, which is of interest, is uniform heat delivery to all droplets and efficient solid separation (Wisniewski 2015) .
Liquid FPH is supplied to the feed system and sprayed into the tube chamber by a special deviceatomizer. Atomizer can be made by a different configuration according to the dryer construction, the rheological properties of liquid and desired size of droplets.
Industrial spray dryers typically have rotary disk atomizers, or single fluid high pressure swirl nozzles. In rotary atomizers (Fig. 8a) , liquid is centrifugally accelerated to high velocity before discharging into the hot gas in a co-current mode. Rotary atomizers are suitable for a large number of products. In a case with high pressure nozzles, a high pressure is applied to the liquid in the atomizer before forcing it out into the drying chamber in a co-current (Fig. 8b) or fountain mode (Fig. 8c) . Pressure nozzles are typically applied for coarser particles than other atomizers (GEA Process Engineering A/S 2016).
Smaller spray drying apparatus may be equipped by swirl nozzles, typically two-fluid swirl nozzles, where the droplets are sprayed by a high velocity compressed gas jet. These atomizers can be constructed with cocurrent or fountain mode of droplet discharging. Small laboratory spray dryers generally have multi-fluid nozzles or ultrasonic spray nozzles (Wisniewski 2015) .
Depending on the type of atomizer, the liquid is mixed with the hot drying gas and flows into the drying chamber towards the outlet. When liquid FPH is supplied into the drying chamber and sprayed by the atomizer, the fine particles of liquid start immediately to interact with hot inert drying gas, which is delivered from the heating system. Simultaneous heat and mass transfer occurs while heat is supplied to the droplets from the drying agent by convection. The temperature of the droplets is rapidly increased up to the wet bulb temperature and the moisture from the particles starts to evaporate with a certain almost constant rate. At the same time, the drying gas temperature decreases. This period is considered as a first stage of spray drying; Fig. 7 Principal scheme of spray dryer most water is removed during this stage. During the second stage, the temperature of the particles rises toward the air temperature at the outlet of the drying chamber (Huang et al. 2017 , Wisniewski 2015 . The final dried FPH is collected from the solid separator, which is mounted at the chamber's outlet and delivered to be packed and further transported.
Spray drying of FPH normally held at high temperatures in a diapason 150-220°C. Exact temperature modes and residence time into the drying chamber are dependent on the rheological and sensitivity properties of the dried mixture and the desired moisture content in the final FPH. Higher inlet temperatures give higher evaporation rate, but can be damaging to the quality and bioactivities of final FPH. Thus, temperature mode is carefully adjusted in each case according to the purposes of production. Resistance time in spray dryer generally varies between 5 and 100 s (Masters 1991) . Dried product rate of spray dryers is depended mainly on the working volume and capacity, rheological properties of solution, flow rate and a type of installed atomizer. Laboratory spray dryers such as model GA 32 (Yamato Scientific Co., Ltd.) have maximal water evaporation rate of 1.3 kg water /h, while industrial spray dryers can evaporate much more than 1000 kg water /h. Spray drying is a popular method used at different productions over years due to its high productivity. However, for research purposes its use is limited by the availability at a certain research laboratory, where freeze dryers are rather available. Nevertheless, some research laboratories are equipped by spray driers and a number of research works on FPH have been published. Thus, Abdul-Hamid et al. (2002) studied nutritional quality of spray-dried FPH from Black Tilapia. Recently, Morales-Medina et al. (2016) used spray drying for the microencapsulation of fish oil by FPH made from sardine and horse mackerel. The new research of Silveira Alvares et al. (2018) used spray-dried FPH for the examination of its effect on vascular function of healthy individuals. Published articles on spray-dried FPH are generally aimed on studying of different properties of FPH using one-mode adjusted spray-drying just as an operation in the technological line. This gap should be filled by relative research devoted to the influence of spray-drying mode on the properties of FPH.
Freeze drying Freeze drying is a technique which utilizes the principle of moisture sublimation under lowered pressure. Because of that, the technique is often called vacuum freeze drying. Liquid FPH is frozen in a form of flat thin block at low temperatures (lower than -35.0°C). Then, the block of frozen FPH is transferred for drying into a vacuum chamber (Fig. 9 ) under low pressure (below 1.0 mbar). The energy for ice sublimation is provided through the shelves installed into the vacuum chamber. The pressure and temperature in the chamber are kept below the triple point of water; due to this, the sublimation of ice occurs in the frozen product, which forms fine porous structure of the dried layer. During the drying process, the water vapor crystallizes on the heat exchanger's surface. The temperature on the product's surface refers to the pressure in the drying chamber; it should be kept low enough to ensure only solid state of water at a given pressure (usually bellow -56.0 C). The rate of moisture removal depends on thickness of frozen product and ice thickness on the heat exchanger's surface: increasing the product's thicknesses decreases the dehumidification rate significantly. Some part of the water is difficult to remove at low temperatures (primary drying). Thus, the drying temperature is increasing at the final stage of the drying process (secondary drying). Freeze drying is a highly applicable method used for FPH drying at laboratory scale due to its simplicity and speed. A large number of authors have used freeze drying for the recovery of FPH in a number of researches, which studied different FPH purposes (Jenkelunas and Li-Chan, 2018; Noman et al. 2018; Halim et al. 2018 ) and many others. For example, the work of He et al. (2013) used freeze drying for the examination of functional properties of FPH. Elavarasan et al. (2016) used freeze drying in the evaluation of bioactive, clinical and structural properties of freeze-dried FPH from freshwater fish. Through a number of research work, freeze drying showed gentle treatment of the hydrolyzed mixture and a good protein recovery together with low moisture content in final dried FPH.
However, at large-scale production the cost and limited producing capacity of freeze-drying plays a negative role, where freeze drying is mostly used for the production of the highest quality FPH. When producing FPH for biochemical or medicine purposes, for example, as growing media for different microbiological cultures, freeze drying can be utilized at a certain extent.
Roller drum drying The principle of roller drum drying in the FPH production is to supply liquid FPH feed to the surface of horizontally mounted rotating hollow cylinder (single drum dryer) or two cylinders rotating towards each other (double drum dryer) or away from each other (twin drum dryer). The diameter of cylinders generally ranges from 0.5 to 6 m, while the length alters between 1 and 6 m (Juming and Shen 2003) . Thus, thin coating of FPH (0.5-2 mm) on the heated surface is created. In Fig. 10 , a simple sketch of a typical double drum dryer is shown. The heated surface at the temperature generally up to 200°C provides necessary latent heat to the liquid product to be dried. The temperature of the product rises up to the temperature of free water boiling during a few moments after coating the drum. Most moisture evaporates at a water boiling Fig. 9 Principal scheme of vacuum-freeze dryer Fig. 10 Principal scheme of roller drum dryer temperature during the following constant drying rate period; the rest is removed when the temperature of the dried mass goes up to the boiling temperature of bounded water just before the scrapping the dried mass by scrapping blades.
Such properties as feed method and rate, heat supply rate, roll speed, and thickness of the product film play a key role in the control and manage the roller drum drying (Juming and Shen 2003) .
Drum drying is not a popular methods applied to the research on FPH, probably, due to the relative complexity of operation at small scale. The search of the works, which applied drum drying to FPH, gave the research of Zhou et al. (2016) . The authors applied drum drying to FPH from squid and scallop.
Energy aspects of FPH production
Energy demands of main technological operations
There is a lack of information concerning drying of hydrolysates and energy efficiency analysis. However, other liquid food products have similar thermo-physical properties and moisture content; thus, the related energy efficiency values can be used as a reference for the evaluation.
Main energy demanding processes of FPH manufacture are hydrolysation, concentration and drying steps. Drying at industrial scale is mostly utilized by spray dryers and, thus, their performance must be evaluated for making a conclusion on energy status of the operation. Moisture evaporation rate for most spray dryers is found in the range between 600 and 41,000 kg/h (Baker and McKenzie 2005) . Some pilot models of spray dryers have specific energy consumption in the range between 3 000 and 5500 kJ/kg of evaporated water (AlMansour et al. 2011) , but the real heat consumption by industrial models of spray dryers is much higher. The average energy consumption for industrial spray dryers is in the range between 4 500 and 11 500 kJ/kg (Mujumdar 2007) . The review, devoted to energy efficiency of spray dryers with respect to the industry, revealed the average energy consumption for food production as 4880 kJ/kg of evaporated water in the case of multi-stage spray dryers (Baker and McKenzie 2005) .
Meanwhile, for the other heat demanding processes of FPH manufacture, heating loads are far lower. For example, for enzymatic hydrolysis the main energy consumption can be split into 3 stages: heating of the raw material and water to hydrolysation temperature, maintenance at hydrolysation temperature and final heating to terminate the hydrolysis. There is a necessity to reach working temperatures in a short period of time. Thus, the high heating loads are suspected from heating devices for the first and third stage due to the high specific heat capacity of the mixture. One can assume the heat capacity of the mixture in the range between 3.6 and 3.9 kJ/(kg*K) (ASHRAE 1999) considering the ratio of fish to water as 1:1. Thus, simple calculations give the approximate heat consumption for enzymatic hydrolysis in the range of 583-175, 0.032-3.8 and 136-252 kJ/ kg for heating, hydrolysis procedure and termination of hydrolysis, respectively.
Concentration steps have higher heat consumption than for hydrolysis-around 5000 kJ/kg, but this step is an additional operation which may be added to prepare the mixture before the drying step and not an essential technological step. Moreover, it generally consumes much less energy than drying step of the FPH production.
Thus, the drying step of FPH production is the main energy consumer in the technological chain. Due to huge energy supply to the drying, energy saving in the drying process should become an important issue of FPH production. Energy effective solution provides not only huge economy savings, but also help to reduce the emission of the greenhouse effect gases, and, consequently, global warming (Mujumdar, 2007) .
Possible solutions for the improvement in energy efficiency of dehydration procedure for FPH Statistical data on convective dryers show that 20-60% of the supplied heat goes to moisture evaporation, 15-40% to heat losses with the exhaust air, 5-25% to product heating, 3-10% to heat losses through the walls and 5-20% to other losses (Danilov and Leontchik 1986; Mujumdar 2007) . Thus, considering the main heat expenses, the efforts referring energy savings should be applied mainly to energy reduction during moisture evaporation and product heating; to recovery of the heat from exhaust air; and to decrease of the heat losses to the atmosphere. The following proposals referring the main heat expenses may help decreasing energy costs of FPH production and increasing its efficiency:
• Moisture evaporation.
Heat supply for the evaporation of moisture can be reduced by
• Product concentration before drying: in this case, solid content increases up to a certain value positively influence the drying efficiency (Masters 1991 ).
• Increase of the drying temperature or, consequently, the difference between the drying agent (surface) and the product: this would increase the drying rate, but also may influence badly on the quality of sensitive materials.
• Product distribution: this property contributes to uniform mass-and heat transfer when the product is distributed uniformly and in a properly adjusted amount into or over a certain volume of a spray drier or drum and vacuum-freeze driers, respectively.
• Other methods suitable for the operation of spray driers:
1. Multistage drying can be used as a solution for spray driers when the introduction of an additional unit into the system may give a positive result. In such a unit, the product is dried during the constant rate period, which is governed by internal moisture diffusion and, where moisture takes longer time to get out the product. An example of such a system is a fluidized bed (stationary or vibrated) installed at the lower part of a spray drier. This method with a proper operation can save up to around 35% of consumed energy (Mujumdar 2007 ). 2. Humidity control: for hygroscopic materials, air relative humidity of a drying agent can be a controlling factor. In this case, dehumidification of the drying agent can be considered. However, for the majority of application, air relative humidity at the entrance of spray drier is below the level that can inhibit completion of the drying process (Masters 1991 ).
• Recover of heat from exhaust air.
This part includes the recovery of the heat from drying air by the use of heat pumps or heat exchangers. The recovered heat can be used on different technological needs of the production.
• Product heating.
The preheating of the product can reduce energy consumption on product heating during drying. In this case, the viscosity of the product can be reduced which is desirable as for the better atomization of liquids in spray driers and for uniform distribution of the product on the surface of a drum drier and on the plates of a vacuum-freeze drier.
• Heat losses through the walls of equipment.
A proper insulation should be considered in order to decrease heat losses to the atmosphere through the walls of equipment. It can considerably reduce the energy consumption of the equipment with low investment costs and minimum labor efforts.
Conclusions
This paper gives a broad overview on the production of FPH from the step of raw material to the final drying of the hydrolysated product. The matters of type and availability of fish by-products were considered regarding the worldwide production. The stage of hydrolysis was evaluated according to the efficiency and safety. Enzymatic hydrolysis was chosen as the most promising solutions so far. Possible pre-treatment steps before the drying were considered in order to evaluate their efficiency in the decreasing of energy costs for the main drying step. Drying techniques used for FPH were highlighted together with their energy consumption and possible solutions for the effective energy management. Summarizing, the production of FPH ought to be adjusted so as to switch between available raw materials regarding its availability; the hydrolysation step can be carried out by enzymatic hydrolysis using the commercial mixture of Papain and Bromelain as a hydrolyzing agent; purification should be accomplished essentially by techniques which answer the producers' expectations to the final quality; the step of concentration may be added to the technological scheme, but not essentially; the drying step is still provided more efficiently by spray drying, but aforesaid improvements can be introduced to the existing installations.
